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Positron annihilation spectroscopy is used to study point defects in Zn1-xMnxGeAs2 crystals
with low Mn content 0≤ x≤ 0.042 with disordered zincblende and chalcopyrite structure. The
role of negatively charged vacancies and non-open-volume defects is discussed with respect to the
high p-type conductivity with carrier concentration 1019 ≤n≤ 1021 cm−3 in our samples. Neutral
As vacancies, together with negatively charged Zn vacancies and non-open-volume defects with
concentrations around 1016-1018 cm−3, increasing with the amount of Mn in the alloy, are observed.
The observed concentrations of defects are not sufficient to be responsible for the strong p-type
conductivity of our crystals. Therefore, we suggest that other types of defects, such as extended
defects, have a strong influence on the conductivity of Zn1-xMnxGeAs2 crystals.
PACS numbers: 61.72.J-, 72.80.Ga, 75.50.Pp, 78.70.Bj
I. INTRODUCTION
Diluted magnetic semiconductors (DMS’s) are an in-
tensively developed group of materials designed usually
on the basis of a III-V or II-VI semiconductor matrix al-
loyed with transition metals or rare earth elements.1–3
Since it is difficult to obtain room temperature car-
rier mediated ferromagnetism in conventional DMS’s like
Ga1-xMnxAs (see Ref. 4) a significant attention has been
turned to more complex compounds. High p-type con-
ductivity and a significant solubility of Mn ions are nec-
essary for increasing the Curie temeprature above 300 K
in this class of compounds.
Mn alloyed II-IV-V2 chalcopyrite semiconductors be-
came a subject of considerable interest in the last few
years since room temperature ferromagnetism was found
in several alloys belonging to this group.5,6 It was claimed
that II-IV-V2 DMS’s with a high p-type conductivity
can show itinerant or defect mediated ferromagnetism
at room temperature.7 The high Curie temperature to-
gether with high p-type conductivity with carrier concen-
tration n> 1019 cm−3 was recently observed in one of II-
IV-V2 representatives, i.e., Zn1-xMnxGeAs2 crystals with
x> 0.07.8–10 In our earlier papers we showed that room
temperature ferromagnetism in both Zn1-xMnxGeAs2
and Cd1-xMnxGeAs2 alloys is a result of short range
magnetic interactions due to the presence of MnAs
nanoclusters.10 Moreover, our recent study reports a sig-
nificant value of the Mn-ion-conducting hole exchange
integral Jpd=(0.75±0.09) eV for Zn0.997Mn0.003GeAs2
crystal.11 It is hence evident, that only at low dilution
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limit of Mn in Zn1-xMnxGeAs2 one can expect to ob-
serve itinerant ferromagnetism.
In this paper we identify different defect states in
Zn1-xMnxGeAs2 DMS with the use of positron annihila-
tion spectroscopy techniques. Our studies are focused on
samples with low Mn content 0≤ x≤ 0.042, where high
quality Zn1-xMnxGeAs2 crystals without any signatures
of secondary phases can be grown. We have shown earlier
(see Ref. 13), that in the case of the samples with x> 0.05
only neutral As vacancies can be identified with the use
of positron annihilation spectroscopy, and these cannot
be responsible for the high p-type conductivity typically
observed in Zn1-xMnxGeAs2 crystals. Since positron an-
nihilation spectroscopy is a powerful technique for prob-
ing negatively charged defects, it is highly probable that
the low quality of previously studied samples was respon-
sible for problems with detection of cation related Zn or
Ge vacancies, most probably present in the crystals with
high concentrations. We found that at low dilution limit
a disordered zincblende structure of Zn1-xMnxGeAs2 al-
loy is preferred, except for the sample with x=0.003,
where low Mn dilution seems to stabilize the chalcopyrite
structure. The presence of negatively charged ionic non-
open-volume defects together with negative Zn and neu-
tral As vacancy type defects was detected for disordered
zincblende and chalcopyrite crystals, respectively. The
concentrations of the observed defects are in the range of
1016-1018 cm−3. The observed concentration of defects
is not sufficient to be responsible for the strong p-type
conductivity of our crystals with carrier concentrations
1019>n> 1020 cm−3. It is therefore likely that other
types of defects, not detected by positron annihilation
spectroscopy, have a strong influence on the conductivity
of Zn1-xMnxGeAs2 crystals.
2II. BASIC CHARACTERIZATION
We investigate bulk Zn1-xMnxGeAs2 crystals grown by
the direct fusion method from high purity ZnAs2, Ge, and
Mn powders taken in stoichiometric ratios.14 The growth
was performed at a temperature of about 1200 K. The
Mn-doped crystals were cooled from the growth temper-
ature down to 300K with relatively high speed (about
5-10K/s) in order to improve the homogeneity of the
samples and to prevent Mn clustering and diffusion out
of the crystals. The as grown ingots were cut into thin
slices (typically around 1 mm thick) perpendicular to the
growth direction with the use of a precision wire saw.
Each crystal slice was chemically cleaned, etched, and
mechanically polished prior further characterization.
The chemical composition of the samples was de-
termined by using energy dispersive x-ray fluorescence
method (EDXRF). The typical relative uncertainty of
this method is not exceeding 10% of the calculated
value of x. The EDXRF analysis show that our
Zn1-xMnxGeAs2 samples have Mn content x in the range
of 0 ≤ x ≤ 0.042 (see Table I). Within the measurement
accuracy all the studied crystals preserved the correct
stoichiometry of Zn:Ge:As equal to 1:1:2.
II.1. X-ray diffraction
High resolution x-ray diffraction method (HRXRD)
was used to study the structural properties of
Zn1-xMnxGeAs2 crystals. Measurements were done
with the use of multipurpose X’Pert PRO MPD, Pana-
lytical diffractometer (Cu Kα1 radiation was used with
wavelength λ=1.5406 A˚) configured for Bragg-Brentano
diffraction geometry and equipped with a strip detector
and an incident-beam Johansson monochromator. In
order to increase the quality and accuracy of the diffrac-
tion patterns the data acquisition in each measurement
was done over several hours. The indexing procedure
of measured diffraction patterns as well as lattice
parameters calculations were performed using SCANIX
2.60PC program.15
The analysis of the HRXRD results shows
that two cubic disordered zincblende phases with
a=5.6462±0.0002 A˚ and a=5.9055±0.0007 A˚ are the
main crystallographic phases for the pure ZnGeAs2 crys-
tal. The addition of a small quantity of Mn (x=0.003)
to the Zn1-xMnxGeAs2 alloy stabilizes the tetragonal
chalcopyrite structure with a=5.6751±0.0002 A˚ and
c=11.1534±0.0005 A˚. Moreover, the presence of the
zincblende phase with a=5.6471±0.0004 A˚ is identified
in Zn1-xMnxGeAs2 sample with x=0.003. Further
increase of the Mn content above x=0.003 results in
a change of the main crystallographic phase of the
alloy back to the cubic disordered zincblende structure.
The lattice parameters determined for Zn1-xMnxGeAs2
crystals with x> 0.01 are similar to the ones reported
for the pure ZnGeAs2 sample. The coexistence of
TABLE I. Results of the basic Zn1-xMnxGeAs2 sample char-
acterization including chemical content x and electrical prop-
erties: resistivity ρxx, carrier concentration p and carrier mo-
bility µ obtained at T =300 K.
x±∆x ρxx±∆ρxx p±∆p µ±∆µ
[10−2 Ω·cm] [1019 cm−3] [cm2/(V·s)]
0 8.8±0.1 8.3±0.2 8.6±0.3
0.003±0.001 24.9±0.1 1.9±0.1 13.0±0.4
0.014±0.001 5.4±0.1 11.6±0.3 10.0±0.4
0.027±0.002 14.3±0.1 7.6±0.2 5.7±0.2
0.042±0.004 5.9±0.1 10.8±0.3 9.9±0.3
cubic disordered zincblende and tetragonal chalcopyrite
structures is justified by the phase diagram of ternary
Zn-Ge-As system16 in which both compounds lie on
the same line connecting ZnAs2 and Ge. It must be
pointed out, that diffraction patterns for both disor-
dered zincblende and chalcopyrite (see Ref. 16) are
located very close to each other and it is possible to
distinguish them only with the use of a state-of-the-art
diffractometer. We want to emphasize that all our
crystals have almost perfect stoichiometry of ZnGeAs2
compound, as determined with the use of the EDXRF
technique. It is hence evident, that the studied alloy
is ZnGeAs2 compound, but the presence of the cubic
disordered zincblende structure is a signature of a large
chemical disorder of the alloy, widely observed in ternary
chalcopyrite systems,17 reflecting a mixing of the Zn and
Ge atoms in the cation sublattice.
II.2. Hall effect
In order to obtain information about fundamental elec-
trical properties of the Zn1-xMnxGeAs2 alloy, temper-
ature dependent magnetotransport measurements were
performed. The standard six contact dc method was used
for electrical characterization of the samples. The de-
tailed magnetotransport studies of the Zn1-xMnxGeAs2
samples studied in this work are presented in Ref. 11. For
the purposes of this work we revisit the low-field magne-
totransport results e.g. the resistivity ρxx and the Hall
effect measurements carried out in the temperature range
from 4.3 up to 320 K. The Hall effect measurements were
performed at stabilized magnetic field B=±1.5 T.
Initially, the temperature dependence of the resistivity
parallel to the current direction, ρxx, in the absence of
external magnetic field is studied. The obtained results
show, that in the case of all our samples a metallic ρxx(T )
dependence is observed, a behavior characteristic of de-
generate semiconductors. It indicates that the carrier
transport is not due to thermal activation of band carri-
ers. Resistivity values obtained at T =300 K for samples
with different chemical compositions are summarized in
Table I. The results indicate only a small difference be-
tween the resistance values for the investigated samples.
3There seems to be no evident trend of the ρxx values with
the chemical composition of the Zn1-xMnxGeAs2 alloy.
The measurements of the Hall effect as a function
of temperature allow us to determine the tempera-
ture dependence of the Hall carrier concentration, p,
in all the our samples. The results show that all the
Zn1-xMnxGeAs2 crystals have p-type conductivity with
relatively high carrier concentrations in the range of
1019≤ p≤ 1020 cm−3 and relatively low carrier mobilities
5<µ< 13 cm2/(V·s).11 It is generally considered that
the high concentration of conducting holes in ZnGeAs2
is due to the existence of a large number of nega-
tively charged Zn or Ge vacancy type defects.18 A dif-
ference of the Hall carrier concentration is observed in
two Zn1-xMnxGeAs2 samples with similar chemical con-
tent (x< 0.004) possessing chalcopyrite and disordered
zincblende structure, respectively. This difference is very
likely due to the fact that in a disordered zincblende
sample the chemical disorder on the cation sites is much
larger than in chalcopyrite structure, which results in a
higher concentration of electrically active defects lead-
ing to an increase in the concentration of free conducting
holes. All our zincblende crystals with different Mn con-
tent show similar carrier concentration p and mobility µ
suggesting that Mn alloying does not significantly affect
the number of defects in the material.
The temperature dependence of the Hall carrier mobil-
ity (Fig. 1) is an increasing function of the temperature
at T < 50 K, while at T > 50 K the trend is opposite. The
positive slope of µ(T ) dependence at T < 50 K is a sig-
nature that the ionic-scattering mechanism is involved
in the carrier transport at low temperatures. On the
other hand, the negative slope of p(T ) dependence at
T > 50 K is a signature of a phonon scattering n our ma-
terial. The influence of different scattering mechanisms
on the temperature dependence of the carrier mobility
in a degenerate semiconductor can be expressed with the
use of Matthiessen’s Rule µ−1 = µ−1ph + µ
−1
di
, where µ−1ph
is the lattice scattering due to phonons and µ−1di is the
scattering due to i-th defect type present in the material.
The scattering due to ionized impurities can be exactly
expressed within the Brooks-Herring theory. There are
two major reasons why it is not possible to apply Brooks-
Herring formulation: (i) the relevant material parameters
for ZnGeAs2 are not known and (ii) the carrier mobility
of the samples is well below 50 cm2/(V·s) even at low
temperatures which means that the carrier transport can
not be strictly described by Drude theory. The low tem-
perature region (T < 50 K) of the µ(T ) dependence for a
p-type semiconductor is expected to be proportional to
∝T−2.2 for GaAs while for our samples the exponent is
much lower. It indicates that more than a single type
of scattering centers are involved in the reduction of the
µ(T ) dependence at low temperatures. At T > 50 K the
µ(T ) dependence can be fitted to the power law with
exponents in the range -0.5. . .-0.8 for most of the sam-
ples. The mobility due to acoustic phonon scattering is
expected to be proportional to T−3/2, while the mobility
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FIG. 1. Temperature dependence of the Hall carrier mobility
µ measured (points) for the Zn1-xMnxGeAs2 samples with
different chemical content x. The lines represent the power
functions fitted to the experimental data.
due to optical phonon scattering only is expected to be
proportional to T−1/2. The values obtained for our sam-
ples point into the conclusion that the optical phonon
scattering is the major scattering process in ZnGeAs2
crystals.
III. DEFECT IDENTIFICATION BY MEANS OF
POSITRON ANNIHILATION SPECTROSCOPY
III.1. Experimental details
Positron annihilation experiments consisted of positron
lifetime and Doppler broadening measurements per-
formed on the as-grown Zn1-xMnxGeAs2 crystals. The
temperature of the sample was controlled during the
experiment with the use of a closed-cycle helium cryo-
stat and a resistive heating system in the range of
15≤T ≤ 520 K.
The positron lifetime was measured using a standard
fast-fast coincidence spectrometer with a time resolu-
tion of about 250 ps.19 The 20 µCi positron source
(22Na deposited on a 1.5-µm thick Al foil) was placed
between two identical sample pieces during the mea-
surement. Typically about 3×106 annihilation events
were collected for each measurement point. The life-
time spectrum expressed as a sum of exponential de-
cays n(t)=
∑
iIiexp(−t/τi) can be decomposed into a
few components convoluted with the Gaussian resolu-
tion function of the spectrometer, after background and
source component subtraction. The positron in state i
annihilates with a lifetime τi and intensity Ii. The state
in question can be the delocalized state in the lattice or
the localized state at a vacancy type defect. The average
positron lifetime τave=
∑
iτiIi is insensitive to decompo-
4sition procedure, and even small changes around 1 ps can
be reliably measured. The increase of τave above the life-
time of a perfect crystal, τB , is a signature, that vacancy
type defects at which positrons are effectively trapped,
are present in a material with a concentration higher
than 1015 cm−3. In the case of one dominant vacancy
type defect with a specific lifetime, τV , the decomposition
of experimental spectra into two lifetime components, τ1
and τ2, is straightforward to interpret since τ2= τV .
The Doppler broadening measurements were carried
out simultaneously with positron lifetime measurements
with the use of a high-purity Ge detector with an en-
ergy resolution of 1.3 keV at 511 keV. The Doppler
spectra are analyzed with the conventional S and W
parameters, defined as fractions of counts in the low
momentum range (pz < 0.4 a.u.) and high momentum
range (1.6 a.u.<pz< 4 a.u.), respectively. Typically, the
electron-positron momentum distribution narrows (S pa-
rameter increases) when positrons annihilate as trapped
at vacancies. The W parameter is more sensitive than
the S parameter to the chemical identities of the atoms
surrounding the positron annihilation site, as core elec-
trons have wider momentum distributions compared to
less localized valence electrons.
III.2. Results and analysis
Temperature dependent positron lifetime measure-
ments were performed in order to identify defect types
and their charge state in Zn1-xMnxGeAs2 crystals (see
Fig. 2). The obtained τave is higher in the entire studied
temperature range than the bulk lifetime τB =225±5 ps
estimated earlier for the perfect ZnGeAs2 lattice.
13 This
indicates that positrons are trapped at vacancy defects
in these samples.
However, the τave(T ) dependencies for disordered-
zincblende and chalcopyrite structured Zn1-xMnxGeAs2
samples have different shapes. A decrease of τave for
T < 300 K down to τave(20K)≈240±5 ps is due to
positron trapping in negatively charged ion-type defects,
present in disordered-zincblende samples. The presence
of non-open-volume ionic traps is further justified by the
fact that τave decreases at low temperatures to the value
close to τB =225±5 ps. The shape of the τave(T ) curves
at 50<T < 270 K is a typical signature of positron de-
trapping from these ionic traps. The decrease of the av-
erage positron lifetime with increasing temperature at
T > 350 K is a clear indication of the observed vacancy
defects being in the negative charge state. These temper-
ature dependencies originate from the T−1/2 dependence
of the trapping coefficient for negatively charged defects,
and thermal escape from shallow (less than 150 meV
positron binding energy) levels produced by negative ion-
type defects.19
In the case of the chalcopyrite Zn1-xMnxGeAs2 sam-
ple the τave(T ) dependence shows a positive slope for
T < 450 K and a saturation at higher temperatures.
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FIG. 2. The temperature dependencies of the positron life-
time and positron Doppler broadening data including: (a) the
average positron lifetime measured (points) and fitted to the
positron trapping model (lines) (b) positron lifetime spectra
decomposition results including the lifetimes τ1 and τ2 and
(c) the Doppler broadening S and W parameters obtained
for the Zn1-xMnxGeAs2 samples containing different amount
of Mn (see legend).
There are two possible explanations for the difference
between the temperature dependence for this sample
compared to the rest. In principle, the binding en-
ergy to the negative ion type defects could be clearly
higher in this sample, resulting in the efficient detrap-
ping only at higher temperatures, as observed in GaN
(Ref. 20). However, in this case the data at low tem-
peratures (at T < 200 K) should saturate to a constant
value. Hence the second explanation is more likely, i.e.,
that the vacancy defects observed in this sample are in
5the neutral charge state, allowing for the negative ions
to affect the lifetime data at much higher temperatures
(since the trapping to neutral vacancies is temperature-
independent).
A general increase of the average positron lifetime
(compared at T =300 K) with increasing Mn content is
observed. It suggests that the concentration of vacancy
type defects is an increasing function of Mn content in
the samples. In order to make more detailed analysis
of the defect identities and concentrations, the different
components of the spectra need to be resolved.
The temperature dependent positron lifetime data can
be described within simple positron trapping model.19 In
this model, the trapping coefficient µV =κV /cV to elec-
trically neutral vacancies does not depend on tempera-
ture. On the other hand, in the case of negatively charged
vacancies the trapping coefficient varies as µV ∝T
−1/2.
Positrons can be also trapped at hydrogen-like Rydberg
states surrounding negatively charged ion-type defects
with trapping rate varying also as µV ∝T
−1/2 (for de-
tails see Ref. 22). The trapping of positrons to a shallow
traps is especially important at low temperatures. The
thermal escape of positrons from hydrogen-like Rydberg
states can be described using Eq. 1
δst = µR
(
m∗+kBT
2pi~2
) 3
2
× exp(−Eb,st/kBT ), (1)
where µR is the positron trapping coefficient to the lowest
hydrogen-like Rydberg state, Eb,st is the positron bind-
ing energy of the lowest Rydberg state, and m∗+≃m0 is
the effective mass of the positron. In principle, positrons
may also escape from the Rydberg states around nega-
tively charged vacancies, but we assume that this tran-
sition is fast enough so that this effect can be neglected.
The above assumption is supported by results obtained in
the case of GaN (Ref. 19) and other compound semicon-
ductors. An effective trapping rate of the shallow traps
can be expressed with the use of the following equation
κeffst =
κst
1 + δst/λst
, (2)
where λst≃λB is the annihilation rate of positrons
trapped at the Rydberg state, and κst= µRVst is di-
rectly related to the concentration of negatively charged
ionic positron traps cst.
The positron lifetime spectra can be usually decom-
posed into a few lifetime components related to positron
annihilation in different states. The average lifetime is
expressed as
τav = ηBτB +
∑
j
ηDj τDj , (3)
where η and τ are the annihilation fraction and positron
lifetime in the free state of the lattice B and j-th de-
fect state D. The annihilation fractions are related to the
trapping rates through the following equations
ηB =
λB
λB +
∑
j κ
eff
Dj
, ηDj =
κeffDj
λB +
∑
j′ κ
eff
Dj′
(4)
The positron lifetime spectra are decomposed into two
lifetime components, τ1 and τ2. Fitting of more than two
components results in a very large statistical error, indi-
cating that only two components can be resolved. The
temperature dependencies of τ1 and τ2 and the second
lifetime intensity, I2, are presented in Fig. 2b. At the
highest measurement temperatures the estimated bulk
lifetime τB =(τ1·τ2)/(τ1+τ2-τave)= 235±10 ps. This is
close to the earlier estimated bulk lifetime of 225 ps. The
increase of τ1 (towards τB) with decreasing temperature
is a result of lifetime mixing caused by the trapping of
positrons by negative ions that produce the same life-
time as the defect-free lattice. If negative ions were not
present, the shorter component τ1 would decrease with
decreasing temperature as the trapping to the negatively
charged vacancy defects increases (τ1=(τ
−1
B + κ)
−1 in
the single-defect model).
The measurements of the Doppler broadening of the
electron-positron annihilation line were performed simul-
taneously with the positron lifetime measurements as
shown in Fig. 2. The temperature dependence of the
Doppler broadening S and W parameters shows a quali-
tatively similar behavior as that of the average positron
lifetime, but as opposed to the lifetime behavior, the
changes with temperature are clearly smaller than the
variations from sample to sample. Hence the effects of
the negatively charged vacancies and negative ion-type
defects are clearly observable, but the S and W param-
eters suggest that the exact defect identities may be dif-
ferent in differently Mn-doped samples.
IV. DISCUSSION
IV.1. Positron lifetimes
The results of the present studies extend our previous
investigations of point defects in Zn1-xMnxGeAs2 crys-
tals with rather high Mn content (0.053≤ x< 0.182) (see
Ref. 13) into low Mn dilution limit 0≤ x≤ 0.042. There
are several differences between the current samples and
the previously studied crystals, mostly in their structural
properties.10 In contrast to the previously studied sam-
ples, the aggregation of magnetic ions into MnAs clus-
ters is not observed, hence the positron annihilation mea-
surements are not affected by the positron trapping into
metallic precipitates. In addition it was possible to pro-
duce crystals of two different crystal structures, i.e., dis-
ordered zincblende and chalcopyrite structure, which al-
lows us to analyze the effect of the crystal structure on
the defect generation.
Equation (3) can be fitted to the temperature depen-
6dent positron lifetime spectra (Fig. 2a) using the trap-
ping rates and binding energies to the Rydberg states
as the fitting parameters. As we can see there we ob-
tained rather fair agreement between the experimental
results and the fitted theoretical lines. It is a clear signa-
ture, that the defect identification was not complete in
the studied material. The best fits to the experimental
data were obtained with the positron binding energy val-
ues close to Eb,st≃ 90±15 meV and Eb,st≃ 170±10 meV
for disordered zincblende and chalcopyrite samples, re-
spectively. The concentrations of defects can be cal-
culated assuming the trapping coefficient to the nega-
tively charged vacancies to be around µV k =3×10
15 s−1
at 300 K for cation defect,22 the concentration of
negative vacancies in disordered zincblende crystals
was equal to [VD] = (κD/µD)·Nat≃ 2.8÷4.4×10
16 cm−3,
where Nat=4.2×10
22 cm−3 is the atomic density of
ZnGeAs2 compound.
The concentration of negative vacancies observed
herein is an increasing function of Mn content x. On the
other hand, in the case of neutral anion vacancy defects
observed in chalcopyrite crystal the trapping coefficient
is lower than in the case of disordered zincblende samples
and equal to µV a=1×10
15 s−1.22 The concentration of
neutral vacancy type defects estimated in the case of chal-
copyrite sample was equal to [VD] = 1.7×10
17 cm−3. Ad-
ditionally, the concentrations of ionic non-open-volume
defects is estimated from the trapping coefficient κst
to be close to [Vst] = 2.5×10
17 cm−3 in the disordered
zincblende crystals and [Vst] = 7.5×10
17 cm−3 for the
chalcopyrite sample.
The concentration of both ionic non-open-volume and
vacancy type defects, obtained on the basis of positron
data in the case of all the studied crystals are insufficient
to be able to be the source of high concentrations of con-
ducting holes n≃ 1019÷1020 cm−3. However, in the case
of the chalcopyrite crystal, the presence of rather high
concentration of negative defects is detected, contrary to
the results presented in Ref. 13. This is probably due
to much better structural quality of the present samples,
with respect to older samples.
The higher lifetime component τ2 is an increasing func-
tion of temperature (see Fig. 2b) in all the studied sam-
ples up to temperatures around 400 K, where it saturates
with values around τ2≃ 315±5 ps. This could mean that
positrons are trapped into two different types of vacancy
defects in all investigated crystals. In the case of GaAs,
the Ga sublattice vacancy has a lifetime of about 260 ps,
and the As vacancy about 295 ps in the neutral and about
260 ps in the negative charge state.19 Since the bulk life-
time observed in the case of Zn1-xMnxGeAs2 crystals is
similar to that of GaAs, and the higher lifetime compo-
nent τ2 is similar to that of neutral As vacancy in GaAs,
it would be probable that in the present case we do again
observed the presence of As vacancies, similarly as in our
previous work (Ref. 13). The mixing of two different
types of defects into τ2 is consistent with the fits of the
temperature dependent average positron lifetime repro-
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FIG. 3. Characteristic W vs S parameters (normalized to the
lowest experimental values Sref =0.440 and Wref =0.047)
obtained at different temperatures (see labels) for selected
Zn1-xMnxGeAs2 samples with different chemical composi-
tions (see legend) together with the theoretical values of W
vs S calculated for the free state of the lattice and for dif-
ferent defects: zinc VZn, germanium VGe, and arsenic VAs
monovacancies for the chalcopyrite and zincblende structure.
ducing the experimental data with moderate accuracy.
The ternary ZnGeAs2 compound, an isoelectronic ana-
logue of binary GaAs, is normally obtained as p-type
material with carrier concentration ∼1018..1019 cm−3 at
room temperature.23 The control their electrical proper-
ties is difficult. It is believed that the high p-type con-
ductivity in this material is stimulated by the presence
of VZn and GeAs defects.
23 It is therefore tempting to
assign the experimentally observed defects to these.
IV.2. Doppler broadening data
A typical form of presenting results of the positron
Doppler broadening spectroscopy, enabling a more de-
tailed interpretation of the data, is plotting them on
the W (S) plane. In order make the W (S) plot more
clearly legible only some selected points obtained at tem-
peratures separated by 100 K are selected and plotted
for all the Zn1-xMnxGeAs2 samples shown in Fig. 3.
The experimentally observed positron Doppler broaden-
ing parameters, namely S and W , are modeled theoret-
ically using ab-initio methods.24 The zero positron den-
sity limit of the two component density functional theory
(TCDFT) (Ref. 25) is used to calculate structural and
electronic properties of the chalcopyrite and zincblende
Zn1-xMnxGeAs2 crystals. A local density approxima-
tion (LDA) together with a projector augmented-wave
method (PAW) implemented in Viena Ab-initio Simula-
tion Package (VASP)26 are used during a self-consistent
calculations of the valence electron densities in the stud-
ied structures.
7The calculations of electronic properties of both chal-
copyrite and zincblende ZnGeAs2 crystals are done us-
ing 64-atom supercell structures. The chemical disorder
present in disordered zincblende samples is neglected in
the present calculations. The estimated cutoff energy for
the studied system is equal to 320 eV. The calculations
are done with 3s and 4p electrons of Zn, Ge, and As
treated as valence electrons. The lattice and ionic re-
laxation is considered before electronic structure calcula-
tions with a convergence criterium for forces of maximum
0.01 eV/A˚ by including positron induced forces on ions.
During the electronic structure calculations the Brillouin
zone is sampled with 33 Monkhorst-Pack k-point mesh.
The positron states are calculated using the so-called
conventional scheme, and the LDA and state-dependent
scheme27 are used for the calculation of positron anni-
hilation rates and the description of many-body effects
in the calculation of the momentum distributions of an-
nihilating electron-positron pairs. The final momentum
distributions are convoluted with a gaussian function of
0.53 a.u. FWHM to simulate the experimental resolution
in common coincidence Doppler measurements. All mo-
mentum distributions are calculated along the [001] crys-
tal axis. The values of the S and W parameters calcu-
lated for the free state in the chalcopyrite and zincblende
lattices as well as for Zn (V chZn, V
zb
Zn), Ge (V
ch
Ge , V
zb
Ge),
and As (V chAs , V
zb
As) monovacancies are gathered in Fig. 3
together with the experimental data. The calculated pa-
rameters for the defects and disordered zincblende bulk
are normalized to the calculated values of chalcopyrite
bulk.
Defects with no open volume, such as negative ionic
impurities, produce the same annihilation parameters as
the bulk lattice and thus are not observed in the slopes of
the (S,W ) plot. Points on the S(W ) plane obtained for
the lowest temperatures for the 0.3% and 2.7% samples,
located in the left-upper corner of Fig. 3 are close to the
values characteristic for the annihilation of positrons in
the volume of the crystal, namely (SB ;WB) for chalcopy-
rite and disordered zincblende crystals, respectively.
The temperature dependent W (S) curve obtained for
chalcopyrite Zn0.997Mn0.003GeAs2 sample (marked with
triangles in Fig. 3) forms a nearly straight line lying close
to the line connecting the characteristic positron Doppler
parameters for the free state of the lattice and two defect
types: (i) negative Zn (V chZn) and neutral As vacancies
V chAs ), respectively. The presence of two different types
of open-volume defects is also visible in τ2(T ) depen-
dence indicating that at high temperatures (T > 450 K)
the positron trapping into the neutral As vacancies is
dominant while at low temperatures (T < 50 K) the trap-
ping of positrons to the negatively charged ionic defects
is accompanied by positron trapping into negative Zn
vacancies. For the zincblende Zn1-xMnxGeAs2 samples
the observed W (S) dependencies point into similar in-
tepretation as for the case of chalcopyrite crystal. The
calculated values of theW (S) points for different types of
point defects connected to bulk parametersWB(SB) form
lines with similar slopes. The experimental points lie on
the W (S) plane away from the line connecting ZnGeAs2
lattice and V zbGe. It indicates that the positron trapping is
negligible in this type of negatively charged defect and it
is likely that the concentration of germanium vacancies
in our samples is below 1015 cm−3. The W (S) experi-
mental points for disordered zincblende Zn1-xMnxGeAs2
samples lie within a triangle connecting the points char-
acteristic of ZnGeAs2 lattice, Zn and As vacancies. It
is a signature that the positron trapping at T > 270 K
occur at both Zn and As defect types.
V. SUMMARY
We applied positron annihilation spectroscopy to study
point defects in as-grown bulk Zn1-xMnxGeAs2 crys-
tals. The present investigations are focused over low
Mn-dilution limit of ZnGeAs2 with chemical composi-
tion of the crystals varying in the range of 0≤ x≤ 0.042.
The samples crystallized in cubic disordered zincblende
or tetragonal chalcopyrite structures without any signa-
tures of Mn-clustering. Hole conductivity with high car-
rier concentration 1019≤n≤ 1020 cm−3 and low mobility
µ< 35 cm2/(V·s) was observed. An increase in the car-
rier concentration accompanied with a decrease in mo-
bility when increasing the Mn amount in the samples
indicated poor Mn allocation in the alloy causing an in-
crease of charged defect concentration with x.
The temperature dependent positron lifetime and
Doppler broadening spectroscopies showed the presence
of more than one dominant defect in Zn1-xMnxGeAs2
crystals. At low temperatures, T < 150 K, positrons
were trapped into two types of defects: (i) negatively
charged non-open-volume ionic type defects, arising from
structural disorder, having concentrations of an order
of 2.5×1017≤ [Vst]≤ 7.5×10
17 cm−3, and (ii) negatively
charged Zn vacancies, with concentration increasing as a
function of Mn content in the alloy. At higher temper-
atures the neutral As vacancies were observed in all the
samples with concentrations of about 1017 cm−3. Despite
the detection of a complex defect structure present in the
samples, the estimated concentrations of point defects are
still unable to fully explain the high p-type conductivity
of the Zn1-xMnxGeAs2 crystals. It is therefore very likely
that extended defects or other kinds of extended struc-
tures that are not observed with positron annihilation
spectroscopy are present in the material and increase the
concentration of conducting holes in this material.
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